We initiated a proteomic study as part of a programme aimed at discovering novel functions of the plant cell wall. Cell-wall fragments isolated from cell-suspension cultures of Arabidopsis thaliana were stripped of protein sequentially using CaCl 2 and a urea-based buffer. The protein fractions were separated by two-dimensional gel electrophoresis and individual proteins were identified by MS. We identified a number of proteins considered to be resident in other organelles but not the cell wall on the basis of their classical biological function. These included citrate synthase, which is known to be targeted to mitochondria, peroxisomes and glyoxysomes, and luminal binding protein, which is an ER (endoplasmic reticulum)-resident protein. Searches of the Arabidopsis database revealed that there are several genes encoding putative citrate synthase and luminal binding protein. We have also performed detailed analyses of the protein sequences and this paper shows how each one contains encrypted targeting information that results in the export of the protein to the extracellular matrix. We discuss the presence of alternative non-classical secretory pathways in plants.
The nature and importance of the cell wall
The plant cell wall is a dynamic system and is primarily composed of carbohydrate polymers. Its constituents include phenolics, lipids, proteins and, possibly, lipids [1] . The protein content of the wall is becoming the subject of a number of investigations as the importance of this cellular compartment is becoming clearer. The cell wall represents the most external barrier of the cell, and not only does it provide structural support for cells and tissues, it also plays an important role in cell growth and elongation [2, 3] . Being the most external barrier to the cell, it provides a potential defensive barrier against pathogen attack. Thus, during mechanical damage and pathogen attack, certain proteins are cross-linked into the cell wall, thereby reinforcing resistance to pathogen ingress [4, 5] . However, the identity of these proteins remains unknown.
It is clear that the cell wall of plants has to undergo restructuring and modification to perform its multiple roles, but the lack of direct studies on the cell wall limit our knowledge in this area. Much of our understanding of the cell wall comes from cDNA and genomic cloning exercises, and recent advances in genome-wide sequencing projects enable proteomic analyses to be performed. Nonetheless, any study on the cell wall is liable to be complicated by differences in the cell-wall composition contingent on the tissue of origin. Immunological studies have demonstrated that there are Key words: Arabidopsis, cell wall, endoplasmic reticulum, secretory pathway, signal peptide.
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differences in the cell wall composition depending on the tissue and developmental stage [6, 7] .
Approaches that can be adopted to determine protein composition of the cell wall To overcome problems due to differences in cell-wall composition between different tissues, we have adopted an approach using suspension cultures of Arabidopsis thaliana. These cells contain only a primary cell wall. Such cultures can be reproducibly grown and it is possible to obtain large quantities of biomass. In the first instance, whole cells were sequentially extracted with different salt solutions and buffers to simplify the complexity of the protein mixtures. The samples were then separated by SDS/PAGE and the identity of the proteins was determined by N-terminal sequence analysis using Edman degradation [8] . Such an approach, due to the nature of the methodology, is limited to proteins that can be isolated in relatively high abundance and that have an unblocked N-terminus.
To obtain greater insight into cell-wall proteins, we have adopted an approach that entails: (i) specific preparation of isolated cell-wall fragments, (ii) extraction of proteins and separation by two-dimensional electrophoresis and (iii) identification of proteins using matrix-assisted laser-desorption ionization-time-of-flight peptide mass 'fingerprinting' and tandem MS. Application of these technologies brings higher Cells grown in suspension culture were homogenized and carefully layered on top of a column of 10% glycerol. The cell-wall fragments were separated from the rest of the homogenate and can be seen as a sediment at the bottom of the column (A). After washing with water, the cells were examined by electron microscopy (B). Scale bar [at bottom left corner of (B)], 0.375 µm.
sensitivity and an ability to identify proteins even if the N-terminus is blocked. The purity of the cell-wall preparations was analysed using immunological reagents, marker enzyme assays and electron microscopy [9] . The isolation procedure essentially involved homogenization of intact cells in a cell disrupter at 172.3 kPa, followed by gravitational sedimentation through a column of 10% glycerol. Figure 1 shows a cell-wall fraction at the bottom of the column after separation from the rest of the cell homogenate and an electron micrograph of cell-wall fragments. The preparations did not contain any intact organelles, as would be expected after use of such a disruption technique, and had no appreciable level of marker enzymes for plasma membrane or soluble proteins.
Proteomic analysis of the cell wall and the types of proteins identified
Cell-wall preparations were initially extracted in 200 mM CaCl 2 , a reagent that has been used extensively to isolate cell-wall proteins [10] . After extensive washing with distilled water, a second extraction was performed using twodimensional gel loading buffer (7 M urea/2 M thio-urea/4% Chaps/1% dithiothreitol). Separation was performed by twodimensional electrophoresis using pH 3-10 isoelectric focusing gel strips in the first dimension and 12% polyacrylamide gels in the second dimension. We routinely used a protein loading of 1 mg. The number of abundant protein spots that could be detected in these gels after Coomassie Blue staining was 328. All these protein spots were robotically excised and analysed by MS, resulting in 69 unique identities. The proteins that were identified belonged to three categories: (i) classical cell-wall proteins, (ii) proteins of no known function and (iii) proteins that one would have expected to find in another cellular compartment. The presence of known cell-wall components is to be expected and these included typical cell-wall-modifying enzymes such as expansins, glucosidases, glucanases, peroxidases and pectin esterases. A number of proteins of unknown function, annotated in the Arabidopsis database as open reading frames with no known function, were also identified, the so-called hypothetical proteins. This proved that these proteins are present and are enriched in cell-wall fractions. This information could help with future elucidation of function. The most interesting class of proteins was probably those expected to be present in other cellular compartments. A list of these plus database assignments are given in Table 1 .
Proteins that should not be there and rationalization for finding them
It is increasingly being found that proteins can be located in more than one cellular compartment. A classic example is lactate dehydrogenase, which is a glycolytic enzyme in the cytosol, but can also be a structural protein, ε-crystallin, in the lens of animal eyes [11] . Thus the same protein has been recruited to different compartments for two different biological functions, one structural and the other catalytic. It should not be unexpected, therefore, that other proteins would serve multiple roles and have different cellular locations. The classical mechanism for transport of proteins from the cytoplasm into the extracellular environment is well documented. In this classical scheme, proteins containing a signal peptide on the N-terminus, which is responsible for targeting them to the ER, are transported via the secretory pathway. The signal peptide has no consensus sequence, but has three conserved structural determinants. The first one, from the N-terminus, is the n-region that is positively charged, followed by the hydrophobic h-region in the middle, and then the polar c-region that is adjacent to the peptidasecleavage site. The most conserved motif is the presence of a small and neutral amino acid at positions −3 and −1 from the cleavage site [12] . The ER retains proteins possessing a C-terminal Lys-Asp-Glu-Leu or His-Asp-Glu-Leu sequence, whereas others can proceed via the Golgi complex. From the Golgi complex, proteins containing vacuolar targeting signal sequences are recruited to the vacuole, whereas the rest proceed to the plasma membrane. If an extensive hydrophobic domain is present in the protein, then it can be embedded in the plasma membrane, and the absence of such a domain results in secretion to the extracellular matrix. This information, plus the known targeting sequences of proteins to other cellular locations, gives one the bioinformatic tools with which to find out whether the proteins found in our preparations probably have a cell-wall location.
As an example, we identified citrate synthase in the cell-wall protein fractions. Citrate synthase is an enzyme classically located in the mitochondrion and in peroxisomes or glyoxysomes. Since protein identification by peptide mass 'fingerprinting' cannot always distinguish between slightly different gene copies of the same functional protein, we decided to search the Arabidopsis database for clues to account for this anomalous result. The Arabidopsis database has five genes encoding putative citrate synthase proteins. The protein sequence of MIPS database accession no. At3g60100 has no identifiable targeting signal, whereas At2g44350 has a mitochondrial targeting sequence according to the TargetP [13] prediction program. The remaining three genes have products with the Arabidopsis peroxisome N-terminal targeting signal sequence Arg-Lys-Xaa 5 -His-Lys (where Xaa 5 stands for any five amino acids) [14] , as shown in Figure 2(A) . However, in addition to having a peroxisomal targeting signal, At3g58750 possesses a secretory signal peptide according to the Signal-P [15] prediction program. The secretory signal peptide can be identified by four characteristics: (i) the n-region has three positively charged amino acids (Arg, Arg, Lys), (ii) all amino acids in the h-region are hydrophobic, (iii) the c-region has three polar amino acids (Ser, Asp, Thr) and (iv) there are small and neutral amino acids (Gly, Thr) at positions −1 and −3 relative to the cleavage site ( Figure 2B ). This implies that At3g58750 is targeted to both the peroxisomes and the secretory pathway. Furthermore, lack of the C-terminal Lys/His-Asp-Glu-Leu ER-retention motif indicates that this protein is not a reticuloplasmin, and the absence of a putative transmembrane domain rules out that it could be an integral membrane protein. From this information, the location of this protein is probably the extracellular matrix, leading to its identification in cell-wall fractions.
We also identified a putative BiP (luminal binding protein) in the Arabidopsis cell wall. BiP is a classical chaperone located in the ER lumen. Thus it possesses a secretory signal peptide targeting it to the ER and also has the His-Asp-GluLeu motif, which allows it to be retrieved from the Golgi complex and shuttled back to the ER via the retrograde pathway, thereby preventing its secretion. However, the Arabidopsis genome has three putative BiP genes. As expected, the products of all three genes have a secretory signal peptide and none has a transmembrane domain, making them soluble proteins. However, only two have the C-terminal His-Asp-Glu-Leu tetrapeptide ( Figure 2C ). The third putative BiP, At1g09080, has no ER-retention motif and therefore could account for cell-wall localization of BiP.
Some soluble proteins in the secretory pathway are diverted at the trans-Golgi network from reaching the plasma membrane by a process that recognizes vacuolar sorting signals. These proteins are subsequently redirected to the vacuole, another organelle that receives cargo from the secretory pathway. As such, bioinformatic analyses should show that putative candidate proteins for secretion to the extracellular matrix are not channelled to the vacuole. Vacuolar proteins possess a sorting signal either on the N-or C-terminus, in which case it is cleavable, or internally (within the mature protein) [16, 17] . Although the N-terminal sorting signal has been identified as the conserved motif Asn-Pro-IleXaa-Leu or Asn-Pro-Ile-Arg [16] , internal and C-terminal sorting signals do not have an identifiable general consensus sequence or structural determinants [16, 17] . This makes it difficult to use bioinformatic tools to predict whether or not the proteins we identified in the Arabidopsis cell wall are also probably found in the vacuole.
Non-classical protein export
We also found other proteins in the cell-wall fractions for which no rationalization based on sequence information will be able to account for this anomaly. These included lactate dehydrogenase and a putative phosphoenolpyruvate carboxykinase protein. These may be part of an increasing number of proteins now known to defy the 'rules' of protein targeting. For example, some proteins are secreted to the extracellular matrix even though they lack the classical secretory signal peptide [18] . The non-classical export mechanism used to secrete these proteins is unknown. One such protein is elongation factor-1α (identified in the present study), which was localized to tobacco cell walls by immunogold labelling [19] in spite of its lack of a secretory signal peptide. Furthermore, elongation factor-1α is a known bona fide cellwall protein in yeast [20] . There are also instances where reticuloplasmins elude the Lys/His-Asp-Glu-Leu retrieval system and are secreted in spite of having an ER-retention signal. Thus calreticulin and protein disulphide isomerase are secreted to the cell surface of some animal cells, by an unknown mechanism, even though they possess the LysAsp-Glu-Leu tetrapeptide [21] . Our results indicate that the unconventional protein export pathway in plants could be responsible for the secretion of a larger number of proteins than previously suspected.
Conclusion
The present study has revealed a number of proteins not expected to be in the cell wall. Despite compelling bioinformatic predictions confirming cell-wall localization, we await results of complementary genetic and immunological experiments for definitive confirmation of these findings. These experiments will prove vital, especially for those proteins that we predict are exported via the non-classical route. However, the biggest challenge now is to find the function of these proteins in the cell wall. Additional experiments using knockout lines should give valuable information as to their real cellular function in the cell wall. Organellar proteomic studies have yielded information that is essential for discovering novel physiological roles of specific organelles in the whole organism. For example, the unusual localization of reticuloplasmins in the phagosome, as revealed by a proteomic study, led to the discovery that ER is recruited to the site of endocytosis where it fuses with the prephagosome membrane [22] . The present study will perhaps pave a way to the discovery of novel roles of the plant cell wall in growth, development and stress response.
